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Abstract 
The coarse aggregate is the framework of the fresh concrete and thus plays an important role in its flow behavior. A discrete 
element method (DEM) model for the fresh concrete was established and validated by a concrete rheometer test with the contact 
parameters verified. Firstly, the model was used to study the effect of coarse aggregate volume fraction on the concrete yield 
stress. Then based on the DEM model, the pumping process of the fresh concrete was simulated in which the effect of the coarse 
aggregate volume fraction on the pumping pressure and wear on the wall were addressed. It is shown that both the pumping 
pressure and the wear degree increase with the coarse aggregate volume fraction. 
© 2014 The Authors. Published by Elsevier Ltd. 
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Concrete pumping apparatus have been widely used in various environments due to its high efficiency, large construction 
scope and being flexibility[1]. However, the concrete pumping equipment has a series of problems such as the blockages and the 
severe erosion on the pipe during the pumping process, until now most of the solutions are based on the trial treatments and the 
mechanisms behind these problems are not well understood. This is mainly due to the fact that the flow behavior of the fresh 
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concrete in the pumping system is highly complicated with a number of affecting parameters, such as production flow rate, 
entrained solid rate in production fluid, fluid properties, flow regime, solid particle properties, particle geometry. Therefore, the 
study on the mechanical properties of fresh concrete is the key factor for the solution of the blockage and wear of pipe in 
pumping process[1, 2].  
Recently the Discrete element method (DEM)[3] has been continually adopted to investigate the fresh concrete[4, 5] due to its 
natural advantage to characterize the granular matters[6, 7] and multiphase flows[8, 9].  Nabeta[10] firstly applied DEM to study the 
flow behavior of the fresh concrete, after that many DEM models for fresh concrete have been proposed. The research of Chu et 
al.[4, 11] demonstrated that the flow behavior of the fresh concrete can be described via a collision-friction model who used the 
DEM to carry out a Sphere Dragging Viscometer (SDV) experiment. Chu et al.[12] and Maki and Uomoto[13] used DEM to 
simulate the workability of the fresh concrete, respectively. Moreover, Gram[14] conducted a numerical simulation of Self-
Compacting Concrete (SCC) flow using a simplified liquid-bridge model and showed that the SCC can be described using a 
liquid-bridge model, obtained results were in line with the observations from corresponding experiments. More models for fresh 
concrete can be found in Quco[15] who has made a fully discussion on the numerical models for fresh concrete based on DEM.  
        Despite the currently available DEM databases, the field is still young and more simulations are needed especially 3D DEM 
simulations for the fresh concrete. In this paper, A 3D DEM model for fresh concrete is established via PFC3D[16] and validated 
by an concrete rheometer test with the micro- parameters verified. Firstly, the model was used to study the effect of coarse 
aggregate volume fraction on concrete yield strength. Then the flow behavior of fresh in pumping pipe was discussed. The rest of 
the paper is organized as follow: Section 1 describes rheometer experiment of the fresh concrete used for validating the DEM 
model. The DEM model for fresh concrete is established and validated in Section 2. In Section 3, numerical simulations of the 
concrete pumping process are carried out and the effect of coarse aggregate volume on pumping process is discussed. At last, 
some conclusions are made in Section 4. 
  
1Fresh concrete rheometer experiment 
 
 
Fig1 Schematic diagram of the concrete rheometer the overview of concrete  
rheometer and the  axonometric view of impeller and container (unit: mm) 
  Fig.1 shows the schematic diagram of the concrete rheometer in which the radius of container is 200 mm, the height is 400 
mm, the thickness of the container wall is 8 mm. The weight of the blade is 125 mm, the height is also 125 mm and the thickness 
is 8 mm. The fresh concrete adopted in the experiment is C30 and the coarse aggregate is in continuous grading. The parameters 
relevant to the experiment and simulation are given in Table.1. The numerical simulations are conducted with matching the 
experimental conditions in which the container is fixed and full of fresh concrete, the blade rotates at 0.5(rps), 0.425(rps) 0.35(rps) 
0.275(rps) 0.2(rps) 0.125(rps) 0.05(rps) speed in the experiments. Measured average torque at each speed is collected to plot the 
flow curve as shown in Fig2. H and G are the intercept and the slope that are corresponding to the yield strength and the plastic 
viscous, respectively. 
Table.1 Parameters relevant to the experiment and simulation 
Study  Mass of 
cement mortar 
(kg) 
Mass of coarse 
aggregate   
(kg) 
Dimension of 
cement mortar 
(mm) 
Number of 
cement mortar 
(-) 
Dimension of 
coarse aggregate 
(mm) 
Number of 
cement mortar  
(-) 
Experimental 1454 1080 <5 - 10 - 40 - 
Simulational 1454 1080 10 - 20 12133 10 - 40 909 
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Fig2 Diagram of the torque vs the rotate speed in the concrete rheometer experiment 
δH is intercept and G is slopeε 
2 Establishing fresh concrete DEM model 
        The theory of the DEM is based on the second Newton law. Numerically, the dynamic relaxation iteration scheme and 
explicit difference scheme are used to solve the movement of each element and then to get the whole granular material movement 
morphology. The equation of motion of the single element can be described as[16]. 
     
1 
cc ¦ uuruuuviN ji ii i e
j
m v F F                                                                                                                                                   ˄1˅ 
where im is the mass of element i , ccv is accelerated velocity, jiF
uuur
 is the force acting on element i  which is resulted from element 
j  by collisions, iN  is the total number of the elements contacting with elements i , ieF
uur
is the external force acting on element i  
such as the gravitational force. 
2.1Verification  
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Fig3 Diagram of the viscous damping model     
        In the DEM model in this study, the fresh concrete is simplified and constructed by two sizes of particles with different 
physical properties, the large particles are used to represent the coarse aggregate and the small ones to represent the cement 
mortar. The dimension of all the particles is according to normal distribution. The viscous damping model in PFC3D is adopted 
to express the viscous of fresh concrete. Fig.3 presents the diagram of the viscous damping model where nvC and 
s
vC  denote the 
normal and shear viscous damping, respectively. nvk  and svk  are the normal and shear stiffness. Pf  is the coefficient of sliding 
friction. The linear contact damping model in PFC3D is for coarse aggregate and cement mortar. There are two series of parallel 
bond model, the contacts between the coarse aggregates are treated using the linear damping model, the contacts between the 
coarse aggregate and the cement mortar or between the cement mortar are treated using the parallel bond. A parallel bond model 
can be envisioned as a set of elastic springs with constant normal and shear stiffness, uniformly distributed over a circular disk 
lying on the contact plane and centered at the contact point. Parallel bonds can transmit both forces and moments between 
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particles. A parallel bond is defined by the following five parameters: normal and shear stiffness; normal and shear strength; and 
bond disk radius. The normal and shear stiffness are calculated by 
n
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                                                                                                                                                                      (3) 
where npk  and spk  denote the normal and shear stiffness in parallel bond model. niF  and siF  denote the normal and shear force. 
ijx  is the relative displacement between two particles contacted with parallel bond model. The parallel bond is broken if the 
maximum tensile stress exceeds the normal strength or the maximum shear stress exceeds the shear strength. The fresh concrete 
is divided into two parts, namely the coarse aggregate and the cement mortar, in the simulation. Both of them are described with 
particles. The mass of the cement mortar is the difference between the whole mass of the concrete and the mass of coarse 
aggregate as shown in table1. The diameter of the coarse aggregate particle is 10-40 mm. Due to the limit on the computational 
ability, many cement mortar particle in physical is treated as one particle in the numerical simulation, by doing so, the diameter 
of the cement mortar particle is 10-20 mm. The number of the coarse aggregate particles is 909 and the number of the cement 
mortar particles is 12133. Table2 displays the micro-parameters in DEM model, by using these parameters to simulate the 
rheometer experiment for three times, the average yield strength and plastic viscous are calculated as 454.3 Pa and 4.9 Pags, 
respectively. Synchronously, the average yield strength and plastic viscous obtained from the physical experiments are 439.7 Pa 
and 4.6 Pags, respectively. The relative error of the yield strength and the plastic viscous between the experimental and 
numerical results are 3.3% and is 6.5%, respectively.  It is shown that the simulated results have a good agreement with the 
experimental observations, therefore it is believed that the established DEM model can simulate the flow behavior of the fresh 
concrete. 
Table 2. The microscopic parameters of particles use for DEM model.
Name Coarse aggregate Cement mortar 
parameter Normal 
stiffness 
(N/m) 
Shear 
stiffness 
(N/m) 
Frictional 
coefficient 
(dimensionless) 
Normal 
stiffness 
(N/m) 
Shear 
stiffness 
(N/m) 
Frictional 
coefficient 
(dimensionless) 
Value 10000 1000 0.15 1000 100 0.08 
 
2.2 The effect of coarse aggregate volume on the yield strength of fresh concrete 
         
 
Fig4DEM simulation of the concrete rheometer experiment 
 with different coarse aggregate volume 
        The fresh concrete is a kind of multi-scale mixture which is consisted of coarse aggregate, sand, cement, water and 
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admixture. Coarse aggregate is framework of concrete and thus plays an important role in the flow behaviour of fresh concrete 
and the performance of the hardened concrete. In this section, the simulations of the rheometer experiment are carried out 
containing fresh concrete with different coarse aggregate volume. Fig.6 shows the vertical view of the DEM simulation processes 
with different coarse aggregate volume. From a to d, the volume of coarse aggregate is 0.1, 0.3, 0.5, 0.7 in which the yellow 
particles stand for the coarse aggregate and the green ones stand for the cement mortar. 
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Fig5 The effect of the coarse aggregate volume on the concrete static yield stress 
 
The relationship curve of the coarse aggregate volume and the yield strength is given in Fig.5, from where it is shown that 
the static yield stress increases with the coarse aggregate volume. An interesting phenomenon is that the curve slope is low when 
the aggregate volume fraction is less than 0.5, whereas the curve slope is much sharper when the aggregate volume fraction is 
higher than 0.6, the static yield stress of fresh concrete rapidly increase with the coarse aggregate volume, the static yield stress 
on point B is fourfold that on point A. This is due to the fact that with the increase of coarse aggregate, the content of cement 
mortar reduces relatively which leads to a dropping of the liquidity of fresh concrete, therefore the static yield stress increases. 
The numerical results are in accordance with Mahautÿs[17]  physical results, who proved that the mechanical behavior of the 
fresh concrete can be predicted via the DEM model. 
3 The effect of the coarse aggregate volume on the pumping process 
125mm)
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R
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Fig6 The schematic diagram of 90ebend pipe 
Pumping is an indispensable part of a concrete mechanical construction. Based on the field investigation, pipe wear and 
plugging are the most serious problems in the pumping process[1]. The collision between the coarse aggregate and pipe wall has 
been regarded as the main reason for pipe wear[18]. Tan et al.[1, 2, 5] have studied the wear process on the piping wall using DEM, 
they proposed that the wear pattern on the pipe wall mainly depends on the magnitude of the interaction forces and the frequency 
of interactions between the coarse aggregate particles and wall. In this paper, we use the same method as Tan et al. [1]. to study 
the effect of coarse aggregate volume on pumping process. 
    
The computational domain is a 90 epump pipe as shown in Fig6, the horizontal length is 700 mm, the vertical height is 300 
mm, the bend radius is 300 mm, the feedback from the construction site shows that the bends suffer the most serious wear, the 
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average force on the bend is monitored. One side wall at left-down represents the pumping piston in the simulation, the pumping 
speed is 0.25 m/s. The pressure on the piston is also important due to the fact that  it is highly related to the needed motor power. 
Fig7 shows the monitored force on the piston changing over time steps. At the beginning, the force on the piston increases but is 
not high enough to make the fresh concrete move, the fresh concrete at rest starts to flow as soon as the static yield stress is 
reached. However, when the fresh concrete begins to flow, the stress required to maintain flow is lower than static yield stress, 
therefore the force on the piston reduces until the head of the particle aggregate reaches the bend. When at 54.5 10u  time step, 
the direction of the fresh concrete is changed in the bend area what causes the force on the piston increased. From Fig.7, it is 
clearly shown that the force on the piston increases with the coarse aggregate volume, this is because with the increase of the 
coarse aggregate volume the coarse inter-particle collision force and fraction also increase, so that the resistance of flow change 
significantly. 
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Fig7 Force of the piston change over time step(0.1ǃ0.3ǃ0.5ǃ0.7 represent coarse aggregate volume)
The average force on the pipe bend over time step is shown in Fig8. Before 54.5 10u  time steps, the fresh concrete do not 
reach the pipe bend, therefore the average force of bend pipe is 0. From 54.5 10u  time steps, more and more concrete particles 
come into bend area, the average force on the pipe bend is increasing. From Fig.8 it also can be seen that the average force on the 
pipe bend increases with the coarse aggregate volume fraction rising. 
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Fig8 The average force on the bend over time step  
(0.1, 0.3, 0.5, 0.7 represent the coarse aggregate volume)
4 Conclusions 
A DEM model for the fresh concrete was established in which two kinds of particles are used to simulate the fresh concrete 
coarse aggregate and cement mortar, the contacts between the coarse aggregates are treated using the linear damping model, the 
contacts between the coarse aggregate and the cement mortar or between the cement mortar are treated using the parallel bond. 
Numerical simulations of the fresh concrete in rheometer experiment and pumping process were conduct using DEM model. The 
effect of the coarse aggregate volume fraction on the flow behaviour of the fresh concrete was discussed and the following major 
conclusions can be drawn from the paper: 
1. The flow behavior of the fresh concrete can be described by the established DEM model. 
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2. The static yield stress of the fresh concrete increases with the coarse aggregate volume fraction. 
3. The pumping pressure and the wear degree on the bend also increase with the coarse aggregate volume fraction. 
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